The feasibility of utilizing fish scales as a new biosorbent for removal of textile dyes, namely crystal violet (CV) and methylene blue (MB), from their aqueous solutions was investigated in a batch system. Experiments were conducted as a function of initial solution pH (2-10), contact time (0-180 min), biosorbent dose (0.5-5 g) and temperature (293-313 K). The Langmuir isotherm model showed excellent fit to the equilibrium biosorption data of both CV and MB. 
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INTRODUCTION
In today's society, an increasing number of hazardous organic compounds are being discharged into the environment as a result of rapid industrialization. In this context, the contamination of water bodies by discharge of highly coloured synthetic dye effluents, particularly from textile industries, needs special mention (Chowdhury et al. a; negative ecotoxicological effects and bioaccumulation in wildlife (Saha et al. ) . Therefore, removal of dyes from effluents is essential not only to protect human health but also for the protection of the natural environment.
Present techniques for removal of dyes from wastewater include oxidative degradation, photochemical degradation, coagulation, electrokinetic coagulation, flocculation, hydrogen peroxide catalysis, membrane separation, reverse osmosis, ozonation and ultrachemical filtration (Chowdhury & Saha ) . However, practical application of these technologies is restricted because of technical or economic constraints. In recent years, biosorption has been extensively studied by researchers worldwide as an efficient and economically sustainable technology for the treatment of dye-stuff effluents (Chowdhury et al. b; Saha et al. a) . Biosorption has been found to be superior to other techniques for removal of dyes from wastewater in terms of its simplicity and flexibility of design, its high selectivity and efficiency, low operating cost and the high quality of the treated effluent (Aksu ). the dye concentration using Equation (1):
The percentage removal of dye was calculated using the following equation:
Statistical analysis
To ensure the accuracy, reliability and reproducibility of the collected data, all biosorption experiments were performed in triplicate, and the mean values were used in data analysis.
Relative standard deviations were found to be within ±3%.
Data were processed using Microsoft Excel 2007. Linear regression analysis was used to determine the model parameters and constants.
Biosorbent characterization
The surface structure of the biosorbent, before and after biosorption of the dyes, was analysed by a scanning electron microscope (SEM) (S-3000N, Hitachi, Japan) at an electron acceleration voltage of 15 kV. Prior to scanning, the unloaded and dye-loaded fish scale samples were mounted on a stainless steel stub with double-sided tape and coated with a thin layer of gold in a high vacuum condition.
The BET (Brunauer-Emmett-Teller) surface area, pore volume and pore size of the biosorbent were measured by a surface area and porosity analyser (NOVA 2200, Quantachrome Corporation, USA). A gas mixture of 22.9 mol% nitrogen and 77.1 mol% helium was used for this purpose.
RESULTS AND DISCUSSION

Biosorbent characterization
The BET surface area of the biosorbent was found to be 85.7 m 2 g À1 . The relatively large surface area suggests that there was a good possibility for the dye molecules to be trapped and adsorbed onto the surface of the biosorbent.
In order to examine the surface morphology of the biosorbent, SEM micrographs were taken before and after However, further increase in biosorbent dose reduced the maximum dye removal efficiencies, which can be explained by the saturation of dye binding sites due to particulate interaction such as aggregation (Aksakal & Ucun ) . Since the optimum biosorbent dose was found to be 1.0 and 2.0 g, It is also interesting to note that the removal takes place in two phases. The first phase involves rapid dye uptake within 30 min of the dye-biosorbent contact which is followed by a subsequently slower uptake phase gradually leading to equilibrium. The initial faster biosorption rate is due to the large amount of surface area available for biosorption of the dye molecules.
Biosorption isotherms
In the present study, the Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm models were used to describe the equilibrium biosorption data obtained at different temperatures (Chowdhury & Saha ) .
The parameters and correlation coefficients obtained from the plots of Langmuir (C e =q e vs C e ), Freundlich (log q e vs log C e ) and D-R (ln q e vs ε 2 ) for CV and MB are listed in Table 1 . Based on the correlation coefficients, the applicabilities of the isotherms were compared (Table 1) .
From Table 1 , it is clearly evident that the Langmuir isotherm model shows better fit to the equilibrium biosorption data of both CV and MB than the Freundlich and D-R isotherms. It can thus be said that the biosorption of the dyes is 
by a monolayer; biosorption of each molecule has equal activation energy and sorbate-sorbate interaction is negligible.
The maximum biosorption capacity of (q m ) increases from 67.24 mg g À1 at 293 K to 74.39 mg g À1 at 313 K for CV while it increases from 54.16 mg g À1 at 293 K to 58.67 mg g À1 at 313 K for MB.
The Freundlich constant n gives a measure of favourability of biosorption with values of n between 1 and 10 (i.e. 1/n less than 1) representing a favourable biosorption process (Chowdhury et al. b) . For the present study, the value of n also presented the same trend suggesting the favourable nature of biosorption of CV and MB by fish scales.
The D-R isotherm model constant β is commonly used to calculate the mean free energy E (kJ mol À1 ) of biosorption, which in turn gives valuable information on the nature of the biosorption process as chemical ion exchange
), or physical sorption (E < 8 kJ mol À1 ). E is calculated using the relationship (Chakraborty et al. ):
In this study, the E values were found to be >8 kJ mol
À1
for both dyes ( Table 1 ), implying that biosorption of CV and MB by fish scales proceeds via a chemical ion exchange mechanism.
Biosorption kinetics
The pseudo-first-order and pseudo-second-order kinetic models were used to study the biosorption kinetics of CV and MB onto fish scales (Chowdhury & Saha ) .
Pseudo-first-order: log (q e À q t ) ¼ log q e À k 1 2:303 t
Pseudo-second-order:
The values of pseudo-first-order rate constants k 1 and q e were calculated from the slope and intercept of the plots of log (q e À q t ) versus t. The k 1 values, the correlation coefficients and theoretical and experimental equilibrium biosorption capacity q e for both the adsorbates are listed in Table 2 . The low correlation coefficient values at all temperatures for both CV and MB suggest that the pseudo-firstorder kinetic model is not suitable for describing the kinetics of the biosorption processes. Also, the theoretical and experimental equilibrium biosorption capacities (q e ) differ widely for both CV and MB, confirming that biosorption of CV and MB by fish scales does not follow pseudo-first-order kinetics.
On the other hand, the pseudo-second-order kinetic model shows excellent fit to the experimental biosorption kinetic data of CV and MB at all temperatures studied ( Figure 5 ).
The pseudo-second-order rate constants k 2 and q e for biosorption of CV and MB at different temperatures as calculated from the plots of t=q t versus t and the corresponding correlation coefficients values are given in Table 2 . All the correlation coefficients at different temperatures for both the dyes are considerably high (R 2 > 0.99). In addition, the theoretical q e values show good agreement with the experimental q e values for both CV and MB, confirming that the ongoing biosorption processes proceed via a pseudo-second-order mechanism involving sharing or exchange of electrons between the adsorbate ions and the biosorbent.
In a well-agitated batch sorption system, there is a possibility of intraparticle pore diffusion of adsorbate ions, which can be the rate-limiting step. Therefore, the possibility of intra particle diffusion resistance affecting the biosorption process was explored by using an intra particle diffusion model (Chakraborty et al. ) .
According to Equation (9), if a plot of q t versus t 0.5 is linear and passes through the origin, then intraparticle diffusion is the sole rate-limiting step. In the present study, the plots of q t versus t 0.5 were linear at all temperatures for both CV and MB, but the plots did not pass through the origin, implying that although intraparticle diffusion is involved in the biosorption processes, it is not the sole rate-controlling step and some other mechanisms also play an important role.
Activation energy
The activation energy (E a ) for the biosorption processes of CV and MB by fish scales was determined using the Arrhenius equation (Chowdhury & Saha ) : 
Biosorption thermodynamics
Thermodynamic parameters, namely Gibbs free energy change (ΔG 0 ), enthalpy (ΔH 0 ) and entropy (ΔS 0 ), were calculated using the following equations for the temperature range 293-313 K (Chowdhury & Saha ): 
The calculated ΔG 0 values for biosorption of CV and MB by fish scales at all temperatures are listed in Table 3 .
The values of ΔH 0 and ΔS 0 as determined from the slope and intercept of the plots of ΔG 0 versus T (Figure 6 ) are also listed in Table 3 . It also suggests increased randomness at the solid/solution interface.
Comparison of fish scale with other sorbents
A comparative study of the maximum dye uptake capacity of fish scale has been carried out with other reported low-cost sorbents and is presented in Table 4 . It is to be noted that the maximum amount of dye uptake by various sorbents varies as a function of experimental conditions. In particular, the pH, temperature and sorbent dose have a very important effect on the estimation of the maximum amount of dye uptake per unit sorbent (Chowdhury & Saha ) . Therefore, for a direct and meaningful comparison, the maximum amount of dye sorbed by fish scales has been compared to the maximum dye sorption capacity of other reported sorbents under different experimental conditions. From Table 4 , it is evident that the maximum biosorption capacity of fish scale for both CV and MB is comparable and moderately higher than that of many corresponding sorbent materials.
Differences in the uptake capacity are due to the properties of each sorbent material such as structure, functional groups and surface area. Easy availability and low cost are some additional advantages, suggesting that fish scales are a better biosorbent for the treatment of textile effluents.
CONCLUSIONS
The following conclusions are made based on the results of the present study: 5. An assessment of the process thermodynamics suggests the spontaneous and endothermic nature of biosorption of both CV and MB by fish scales.
6. The maximum CV and MB biosorption capacity of fish scale is comparable and moderately higher than that of many corresponding sorbent materials.
The results suggest that fish scale is a suitable biosorbent for the treatment of textile effluents. 
